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1.. Introduction and Interferometer PrincLple. 

Since what will be presented below is drastically different 

from the rest in this symposium, a few words might be appropriate 

to justify the presence of this paper. As the title suggested, 

we are proposing to build an X-ray interferometer to accurately 

measure the variation in intensity caused by the phase difference 

between interfering X-ray beams, and to deduce the phase difference 

from these measurements. 

based on published results, we realize the determination of phase 

relationships through intensity measurements will be a very time 

consuming affair. 

statistical method, we feel the most efficient way to do structural 

analysis for large molecules may be to measure the phases for a 

handfa1 of crucial reflectiozs.and leave the rest to the statistical 

From our preliminary feasibility studies 

With the undeniably fantastic success of the 

method. 

X-ray interferometer is not a white elephant. In the 1960's 
1 a whole series of X-ray interferometers were built by Bonse and Hart 

then at Cornel1 University, using the Borrmann effect as a beam 

splitting mechanism. As shown in Figure 1, a beam'of X-rays inci; 

upon a thick perfect crystal at the Rragg angle to a set of lattice 

planes, a standing wave pattern is set up inside the crystal and a 

pair of coherent beams emerged at the other surface of the crystal 

(Borrmann effect). 

twice the Bragg angle. 

these two beams t o  produce interference patterns. However, in all 

their designs, the angle of recombination is always the same as the 

beam splitting angle. 

The angle between the pair  of coherent beams is 

Bonse and Hart were successful in recombining 

The designwe propose offers a continuously 

variable angle of recombination. In orde r  to fulfill 
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i n t e r f e r e n c e  c o n d i t i o n s  , t h e  fol lowing c o n d i t i o n s  must b e  met: 

(1) A p a i r  o f  beams o r i g i n a t i n g  from t h e  same source  p o i n t  

must i n t e r s e c t  a t  some l a t e r  po in t  i n  space.  

(2) The phase d i f f e r e n c e  between a l l  p a i r s  o f  beams must be  

t h e  same. 

(3) The a b s o l u t e  p a t h  d i f f e r e n c e s  between t h e  p a i r s  must n o t  

exceed t h e  c o r r e l a t i o n  l e n g t h  of t h e  photon. 

F igure  2 shows our  des ign .2  A s i n g l e  p e r f e c t  c r y s t a l  is  carved  

in to  an L shaped s l a b  wi th  two perpendicular  s i d e s  R and T. R is  

paral le l  and T i s  pe rpend icu la r  t o  a s e t  o f  s e l e c t e d  l a t t i c e  p l a n e s  

LP. An i n c i d e n t  r a y  is  evenly s p l i t  i n t o  two.beams T1 and I2 by T. 

One of t h e  t h e s e  two beams, 11, is  d i r e c t e d  towards R.  

r e f l e c t i o n  from t h e  s e t  of l a t t i c e  p l anes  of  R , 3  I1 becomes Ill 

Upon Bragg 

which is almost  p a r a l l e l  t o  12. Ill and I2 a r e  r e l a t e d  by a m i r r o r  

symrmet r y  . 
If a p lane  normal t o  Ill and I2 i s  in t roduced ,  t h e  p a t h  l e n g t h  

of b o t h  11' and I2 t o  t h i s  plane i s  source  p J i n t  dependent.  

order t o  e l i m i n a t e  t h e  source p o s i t i o n  dependence, a p a i r  of wedges 

In 

are in t roduced  which causes  I2 t o  t r a v e r s e  an e x t r a  p a t h  through 

bending and rebending. The geometry o f  the wedges i s  such  t h a t  

t h e  d i f f e r e n c e  i n  t h e  p a t h  l eng ths  of Ill and 12'., t h e  t r a n s m i t t e d  

12, becomes source  p o s i t i o n  independent.  By adding .mu l t ip l e  r e f l e c t i o n  

p a t h  ex tenders  and adjustments  o f  t h e  p o s i t i o n  of the wedges, t h e  

p a t h  l e n g t h s  I1 and I2  can be made t o  be i d e n t i c a l  ( a t  l e a s t  

t h e o r e t i c a l l y ) .  Because of t h e  presence  o f  t h e  wedges, t h e  i n t e n -  

s i t i e s  of Ill and 12' w i l l  d i f f e r e  and t h a t  of IZ1  w i l l  b e  sou rce  

dependent.  Appropr i a t e ly  shaped absorbers  can be  used t o  c o r r e c t  

t h e s e  d i f f e r e n c e s .  
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-I1* and 12' t hen  f a l l ' o n t o  two sets of  l a t t i c e  p lanes  (mi r ro r s )  

MI and M2, which a r e  mounted i n  such a way t h a t  t h e y  always s a t i s f y  . 
Bragg r e f l e c t i o n  c o n d i t i o n s  and can r o t a t e  about an a x i s  i n  c e n t r a l  . 
d i r e c t i o n s  of 11' and 12'. 

t o  b r i n g  t h e  two r e f l e c t e d  rays  R1 and R 

cont inuous ly  v a r i a b l e  ang le  o f  i n t e r s e c t i o n  s 
metry i n  des ign ,  a l l  p a i r s  of  rays  i n t e r s e c t  w i t h  t h e  same p a t h  

By s u i t a b l e  adjustments  i t  i s  p o s s i b l e  

t o  i n t e r s e c t  a t  T ,  w i t h  a 2 
. Because of  t h e  sym- 

d i f f e r e n c e ,  and a l l  t h e  i n t e r s e c t i n g  p o i n t s  l i e  on t h e  b i s e c t i n g  

p l ane  o f  11' and I z * .  

A f t e r  Borrmann t ransmiss ions  and subsequent r e f l e c t i o n s  and 

t r ansmiss ions ,  t h e  bandwidth of I1 and I2  a r e  s u f f i c i e n t l y  s m a l l , '  

and t h e i r  d i r e c t i o n s  a r e  w e l l  def ined  t o  w i t h i n  a few seconds o f  

arc. T h e o r e t i c a l l y  c a l c u l a t e d  photon c o r r e l a t i o n  l e n g t h  i s  of the 

o r d e r  of  30p f o r  a beam wiCth o f  one second of arc. Bonse and 

Har t  r e p o r t e d  t h a t  coherence i s  achieved a t  lop and &isappears  a t  
4 loop . 

11. Geometry of  D i f f r a c t i o n .  

The geometry of  d i f f r a c t i o n  i s  shown i n  F igure  3 .  The sample c ry -  

s t a l  is  l o c a t e d  a t  t h e  i n t e r s e c t i o n  p o i n t  o f  I, and 12. 

i n t e r s e c t i o n  

The a n g l e  of 

is chosen t h a t  upon e n t e r i n g  t h e  sphe re  of  r e f l e c t i o r  

both ends o f  a s e l e c t e d  r e c i p r o c a l  v e c t o r  Ho serve as o r i g i n s  o f  I 

r e c i p r o c a l  l a t t i c e s  f o r  t h e  two r a y s  I1 and 12. 

r o t a t e d  about an a x i s  ho which is  p a r a l l e l  t o  Ho, and b o t h  h, and Ho 

are perpendicular  t o  t h e  b i s e c t i n g  p l ane  of I1 and 1;. 

of t h e  c r y s t a l  l a t t i c e  i s  then de f ined  as t h e  i n t e r s e c t i o n  o f  ho and 

t h e  b i s e c t i n g  p l ane  o f  I1 and 12. 

a t  a c e r t a i n  ang le ,  a r e c i p r o c a l  l a t t i c e  p o i n t  P w i l l  p a s s  th rough 

The c r y s t a l  i s  

1 

The o r i g i n  

As t h e  c rys ta l  r o t a t e s  about  ho, 



the surface of the sphere of reflection defined by -0 H ' 11, and Iz. 
Both X I  and Iz will be diffracted in the direction of TP, by two 

- corresponding sets of planes El and €Iz such that Ill - €lz = go. If . 
an appropriate go is chosen, a whole collection of simultaneous 
reflections among pairs of planes EA and €IB such that EA- EB = go 
can be'determined from a single setting of . 

We can measure the intensity of reflection c1 by blocking 11, and 
the intensity of €Iz = Ill + %, by blocking I t .  . Then we can measure 

the intensityalong TP when the two rays are simultaneously incident 

upon the crystal. 

will not be equal to the sum of the independent beam intensities. 

It is possible to deduce the phase difference of the two reflected 

In general, the intensity of the combined beanis - -  \-\,. 

9 
Ir 

beams from the intensity measurements via the following equation: - 

*here 1, is the angle between polarization of the two simultaneously 
reflected beams, and the E's are the amplitudes of reflections after 

suitable crystallographic corrections (e.g. L p  factors). 
- .  

- 111. Feasihility. - - 

The question naturally arises as to the technical feasibility 

for the construction of the proposed instrument. 

showed that it is possible to constract an interferometer out of sepa- 

rate perfect crystal blocks.' 

by the fact that the beam path corrector has to correct heam paths 

to a fraction of 8: 
phase is 'CTT 

Bonse and Hart 

In our case t5e problen is cofiplicated 

The accuracy of the determined value of the 

times the ratio of uncertainties in the position of 

the relative wave fronts to the wavelength. If a typical value of 

is 1.S R, in order to determine the phases to within- 36' it is 

- 5  - 



n e c e s s a r y  t o  main ta in  t h e  wave f r o n t  d i f f e r e n c e  t o  w i t h i n  a l i n e a r  

dimension of  0.15 g. 
c o n s i d e r a t i o n :  (1) Means of monitoring sub-angstrom dimensional  

changes as w e l l  as making corresponding c o r r e c t i o n s .  (2 )  Temperature 

and v i b r a t i o n  effects .  In a d d i t i o n ,  one must cons ide r  (3 )  The 

The fol lowing problems a r e  encountered i n  t h i s  

adequacy o f  t h e  i n t e n s i t y  o f  t h e  two i n t e r f e r i n g  beams for a 

meaningful se t  o f  d a t a  w i t h i n  a reasonable  amount o f  t ime. 

Techniques f o r  measurement o f  sub-angstrom dimensional changes 

have been developed f o r  p r e c i s i o n  o p t i c s  i n  l a r g e  t e l e s c o p e s .  Using 

t u n a b l e  l a s e r s ,  o p t i c a l  c a v i t i e s  can be used t o  measure l i n e a r  

dimensional  t o  an accuracy o f  one p a r t  i n  10" o r  b e t t e r .  

F igure  4 shows a conceptua l  design f o r  t h e  measurement and moni tor ing  

dimensional changes of  c r u c i a l  p a r t s  o f  t h e  i n t e r f e r o m e t e r .  The 

s o l i d  l i n e s  i n d i c a t e  X-ray pa ths  and t h e  d o t t e d  l i n e s  i n d i c a t e  

l a s e r  p a t h s .  Fo r tuna te ly ,  t h e  c o r r e c t i o n  of X-ray p a t h s  t o  sub-  

angstrom a c c u r a c i e s  i s  g r e a t l y  f a c i l i t a t e d  by t h e  f a c t  t h a t  

t h e  r e f r a c t i v e  index f o r  X-rays  i n  a l l  m a t e r i a l s  i s  v e r y  c l o s e  t o  

w i i t y .  

w e  can c o r r e c t  t h e  changes by i n s e r t i n g  s u i t a b l e  phase r e t a r d a t i o n  

p l a t e s  o f  reasonable  th i ckness .  (For a d e v i a t i o n  from u n i t y  o f  

t h e  r e f r a c t i v e  index by a phase l a g  of 2Tf is  in t roduced  

by a r e t a r d a t i o n  p l a t e  of around 150 p 
r a d i a t i o n .  8 

S 

Therefore ,  should the re  be a change i n  t h e  p a t h  l e n g t h s ,  

i n  t h i c k n e s s  f o r  t h e  Cu K d  

M a t e r i a l s  have been developed f o r  low thermal  expansion c o e f f i -  

c i e n t s .  

low expansion m a t e r i a l s . 6  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a .number o f  

t h e s e  m a t e r i a l s  achieve zero expansion a t  some rep-sonable t empera tu re .  

F igure  5 shows t h e  thermal expansion c o e f f i c i e n t  f o r  v a r i o u s -  



- .  

. .  The single most difficult problem remains the adequacy of 

intensity. Based on published results using conventional X-ray 

generators, our  estimate for the the weaker beam ( I t * )  is about 

Further, two of these materials, ULE (a nonmetal) and superinvar 

(a metal) have the same zero expansion temperature (around 45OC). 

Relief of internal strains in the course of time will cause 

tempera1 changes in dimensions. Studies of long term dimensional 
stability of materials have been carried out by Jacobs et al. 7 

I 

Figrues 6 and 7 shows the dimensional stability of ULE and superinvar. 

It appears that two to six months are necessary for these materials 

to reach dimensional stability. However, this may not be a true 

dimensional change but merely reflecting the shortcomings of the 

measuring methods. 
. I  

Vibration effects can be eliminated by sitting the instrument on 

be pointed out that only in recent years has synchrotron radiation 

been considered seriously for X-ray diffraction studies. 

of producing intense X-ray beams f o r  diffraction studies from( A 
The art 

synchrotron is still at its infancy. 

4 .  Conclusion. 

In this paper we have departed from conventional approach and 

. proyosed*-an interferometer as an alternate solution to thc phase 

problem. Granted that technological problems a rc  severe, but the . 
-7- 
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solution to these technological difficulties are already in 

existence. Furthers even if X’ray-lasers can be successfully 

developed in the future,.the interferometer described in this 

paper (or a similar type) is the necessary first step towards 

the solution of the phase problem. 

I i 

. -*- . 
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Figure 1. 

Figure 2 .  

. Figure 3 .  

Figure 4 .  

Figure 5 .  

Figure 6 .  

Figure 7 .  

Figure Captions 

Borrmann cffect. An incidcnt bcam at l3r3gg ariglc 

8, with the s e t  of plancs  LP sets up wave ficlds 

and propagate along LP i n  the beam splitter crystal 

BS. At the exit surf3ce the wave field is split into 

two beams TR and FD which propagate to two opposite 

directions, with an angular separation o f  2 0, .  

direct transmitted beam DT is suppressed by nornal 

The 

absorption. , 

Schematic diagram of  an interfero-diffractometer. 

Geometry of simultaneous diffractions oi two coherent 
. .  

beams into a common direction. 

A conceptual design for monitoring dimensional changes 

in the interferometzr. Solid lines represent X-ray 

paths and dotted lines represent laser paths. A rotating 

wheel CW is used to make path corrections through 

retardation of phases. 

Thermal expansion coefficients of a number of low 

expansion materials. 

through zero thermal expansion phase. 

Dimensional stability of ULE. The ordinate is the tuning 

Note that 'several materials pass 

frequency that is necessary to satisfy the optical cavity 

conditions. 

around &A$ / V o  where do is the laser frequency and 

is in the range of 10 . 

Generally the accuracy of measurement is 

16 . .  

Dimensional stability of superinvar. See c_aptions in 

Figure 6 for explanations. 
. .  
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